Planar strip inductors consisting of soft Fe-N films enclosing a conductor made of Cu are fabricated on Si substrates and exhibit 70 to 100% inductance gain at 1 Ghz with quality factors of 3 to 5. The magnetic part of the inductance is less than predicted theoretically, which is attributed to hardening of the magnetic material at the edges of the strip, where the deposition is close to 60 incidence. Test films were fabricated on tilted substrates and found to develop very high anisotropy for deposition angles larger than 30 . Optimizing the flux closure at the strip edges is essential for further improving the performance of sandwich strip inductors.
I. INTRODUCTION
A CHIEVING high specific inductance values is important for miniaturization of inductors used in filters, oscillators, matching networks, etc., in integrated circuits. There have been numerous efforts to enhance the performance and diminish the size of planar inductors for GHz applications by using magnetic films. The status of research in the field prior to year 2000 was reviewed in [1] . Several recent reports extended these efforts by studying magnetically enhanced spirals, solenoids, and strip inductors [2] , [3] . Here we report on the fabrication of magnetic/conductor sandwich strip inductors using Fe-N films, which exhibit a 2-fold inductance gain with at 1 GHz. We analyze the factors limiting the magnetic efficiency and high frequency performance of these devices.
II. SAMPLE PREPARATION AND MEASUREMENTS
The inductors are strips of length 1.15 mm with width varying from 2 to 100 m. The inductors were fabricated on oxidized Si substrates (1 m thick oxide layer) using a lift off process and sputtering of 0.1 m of Fe-N, evaporating 0.5 m of Cu, and sputtering 0.1 m of Fe-N. Magnetic material covering the edges of the strips (flanges) was achieved by utilizing the difference in shadow depth for sputtering of the magnetic layers and evaporation of the conductor. A magnetic/conductor/magnetic sandwich with flux closure at the edges is thus obtained with one lift-off mask. The Fe-N was produced by reactive sputtering from an Fe target using an argon/nitrogen gas mixture with typically 4% partial pressure of nitrogen . The sputtering pressure used was 3 mTorr and the rate was 4.8 /s. Thus sputtered, the Fe-N material had a resistivity of 40 cm. Vibrating sample magnetometer (VSM) measurements show a square loop with coercivity 4-8 Oe, saturation magnetization kG, and essentially no in-plane anisotropy. The copper film was evaporated at 10 /s and showed the resistivity of 2.4 cm. The depositions were made at ambient temperature. A network analyzer with a Cascade fixed-pitch probe were used for impedance measurements. The real and imaginary parts of the impedance were de-embedded from reflection measurements in the 30 MHz-3 GHz range.
III. RESULTS AND DISCUSSION

A. Magnetic Reluctance Analysis
From the low frequency limit of the inductance we determine the magnetic contribution, which excludes any dissipation or resonance effects at high frequencies. The total inductance in this limit, , is the sum of the air-core inductance of the strip, , and the contribution due to the magnetic film, . In Fig. 1 , is plotted versus the strip width. The experimental data deviate from the ideal behavior expected when there is perfect magnetic flux closure at the edges.
is below 0018-9464/$26.00 © 2010 IEEE the theoretical value for narrow strips, while it approaches the expected values for wide strips. This behavior indicates an incomplete flux closure at the edges, which plays a progressively larger role as the width of the strip is reduced [5] . In order to gain insight into the magnetic state of the flange we model the data in Fig. 1 using the theory of [5] for three different cross sectional geometries: a flanged edge, no-flange, and a three section arbitrary edge-gap. In the case of the open structure (no flanges, dashed line, Fig. 1 ) the relative permeability is the only fitting parameter. The fit is poor, indicating that some flux closure at the edges does take place. SEM images of the inductors' cross-sections show that the magnetic film becomes thinner towards the very edge, where it is sloped at approximately 60 . This edge geometry is indeed an intermediate case between perfect flux closure and no flux closure. To model this case we use a model geometry depicted in Fig. 2 . Assuming the flange width is the same as the thickness of the magnetic films and assuming the films and the flange have the same permeability, we fit the width dependence of the inductance by introducing a flange gap. A good fit of the experimental data is obtained for and the flange gap of nm. It should be noted that the effect on the inductance of introducing a gap in the flange is similar to the effect of a reduced permeability of a continuous flange [5] . In any case, our data clearly exhibit an incomplete flux closure at the edges.
B. Magnetic Properties of the Flange
Our SEM cross-sectional micrography does not show any gaps at the inductor flanges. We therefore suspect that poor flux closure is actually due to lower permeability of the flange. To investigate this effect, we varied the angle of the substrate with respect to the source during the evaporation of the conductor through the lift-off mask. In this way we can vary the slope of the conductor edge, 45-80 . For the top film deposition the incident flux of Fe-N is perpendicular to the Cu surface except at the edges, where the angle of incidence is . Deposition of soft magnetic materials, including Fe-N, on tilted substrates is known to result in strong magnetic anisotropy perpendicular to the direction of incidence [6] - [8] . In addition, films deposited at large oblique angles are typically thinner. In order to quantify the magnetic state at the edge, we have fabricated test Fe-N films sputtered directly on oxidized Si at 0 to 60 angle of incidence. The results of VSM measurements for these films are shown in Fig. 3 . The normal incidence films show no preferred in-plane orientation of the magnetization. The films deposited at 20 incidence develop a weak in-plane anisotropy. The easy-axis coercivity, , increases while that for the hard axis, , decreases, and uniaxial anisotropy with Oe appears. The films sputtered at (inset) show Oe and Oe. For the films sputtered at -% is the same, while anisotropy increases up to -Oe. Increasing to 80 , we obtain -kOe. This growth induced anisotropy is directed along the length of the strip, leading to more than an order of magnitude reduction in the transverse permeability, and thus degrading the inductive response of the film. Two possible mechanisms for this anisotropy are discussed in the literature (see, e.g., [8] ). The first is the shape anisotropy of elliptical magnetic columns that are typically present in films deposited at oblique angles due to the self-shadowing effect [6] , [7] . This effect was analyzed in detail for Co films on underlayers deposited at oblique angles [9] and shown to result in up to 1 kOe of anisotropy. Another possible origin of the oblique-growth induced anisotropy in magnetic films discussed in the literature is due to magnetostriction. We note, however, the amount of stress needed to produce such high anisotropy values appears unreasonable if one uses typical values for the magnetostriction in Fe-N.
In order to directly verify the effect of the flange on the inductance we have fabricated two inductor sets under identical conditions, varying only the Cu edge angle, 45 and 80 . The magnetic contribution to the total inductance is shown in Fig. 4 . The difference in for the two inductor sets increases for small widths, with the difference approaching 25% for 5 m wide strips. We attribute this increase in to a magnetically softer flange in the 45 -edge inductor, resulting in a better flux closure.
The low-frequency limit gives the upper boundary for the magnetic inductance, excluding the unwanted high-frequency effects of magnetic damping and eddy current losses, and therefore is the best gauge of the magnetic efficiency of the flange.
C. HF Performance
The contribution of the flanges to the magnetic inductance becomes smaller as the width of the strip is increased (see Fig. 1 ). The measured inductance of the 50 m wide strip is essentially the value expected for a sandwich with perfect flux closure, hence the model for the impedance of a closed magnetic structure should apply (see Appendix and [10] , [11] ). The inductance and quality factor for the 50 m width strip measured in three biasing fields are shown as functions of frequency in Fig. 5(a) and (b) , respectively, along with the theoretically fitted curves. Fixing the geometrical parameters at the measured values, a good fit can be obtained by varying the permeability and intrinsic damping. If we use the same parameters to fit the impedance of the 10 m strip, the deviation from the predicted performance is significant. In order to obtain a good fit not only the permeability has to be significantly reduced (by roughly a factor of two) but the dissipation constant has to be increased: from (consistent with values 0.020-0.025 measured on test films) to 0.06. The reduction in the effective permeability for narrow strips can be attributed to the increasing influence of incomplete flux closures at the edges. However, the increase in the damping constant is not expected to depend on the width of the strip in the simplest picture. A probable cause of the increased dissipation is that an increasing portion of the magnetic flux leaks through the conductor near the flange, causing screening currents in the conductor. This dissipation mechanism is not accounted for in the "closed-flux" model [10] , [11] but known to be the dominating loss mechanism in sandwiches without flux closure [12] , [13] . A 2-fold inductance gain with was obtained for the 20 m wide inductor. By varying Fig. 5 . Measured L (a) and Q (b) spectra for a 50 m wide inductor in three biasing fields, and theoretical fits using the flux-closed model [10] , [11] .
the width of the device the inductance gain can be compromised for higher quality factor.
IV. CONCLUSION
Several issues should be addressed for further improving the device performance. The use of soft films with resistivities in access of 100 -cm should allow thicker magnetic layers in the sandwich, resulting in larger magnetic flux and therefore larger inductance, without increasing dissipation. Use of thicker conductor layers should yield higher quality factors, provided the edge flux closures are not thereby degraded. Control of the properties of the magnetic films at the strip edges to achieve efficient flux closure is crucial for both improving the inductance gain and quality factor.
APPENDIX
Here we reduce the full solution for the impedance of a 'closed' sandwich inductor [10] , [11] to a simple expression, which should be useful in analyzing or designing sandwich inductors without insulation layers. Regrouping the impedance from [10] , [11] in such a way as to separate the contribution of the conductor one obtains:
where is the skin depth in region "0" ("1"). The first term here is due to the parallel connection of the conductor and magnetic film resistances, . The second term is the air-core reactance . The last term represents the magnetic contribution, including the skin effect. The complex coefficient is the correction factor arising from the current redistribution between the conductor and the magnetic layers. When becomes very close to unity, and the largest error introduced by omitting this coefficient is less than , which is small at all frequencies. Thus, we can express the impedance using the equivalent circuit of Fig. 6 as where Fig. 6 . The equivalent circuit of a magnetic sandwich inductor without insulation layers.
is the air-core inductance, and is the inductance of a magnetic film in a uniform magnetic field [14] . The effective strip thickness is , which at first glance might appear counter intuitive, but is a natural result of current redistribution in a sandwich with the layers in direct electrical contact. The intrinsic transverse permeability is the well known Landau-Lifshitz FMR permeability (see, e.g., [12] , [13] ):
(1) (2) where is the gyromagnetic ratio, is the fenomenological damping parameter, is the saturation magnetization, is the uniaxial anisotropy field in z-direction, and is the external uniform magnetic field.
